We report on the identification of a two-electron transition for the shallow donor silicon in homoepitaxial aluminum nitride (AlN). One c-oriented sample was analyzed by low temperature photoluminescence spectroscopy on multiple excitation spots. We find a unique correlation of one single emission band, 76.6 meV below the free excitonic emission, with the luminescence of excitons bound to neutral silicon proving the identity as a two-electron transition. The assignment is confirmed by temperature dependent photoluminescence investigations. We find a donor ionization energy of ð63:5 6 1:5Þ meV for silicon in AlN. V C 2013 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4821183] Recent interest in light emitting devices operating in the deep UV spectral region 1 is due to promising applications such as the deactivation of microorganisms by exposure to light with short wavelengths. Several research groups are working on light emitting diodes (LEDs) based on aluminum gallium nitride (AlGaN) fabricated on foreign substrates such as sapphire [2] [3] [4] or silicon carbide. 5 As a consequence, these structures suffer from high defect densities due to the lattice and thermal expansion coefficient mismatch between the substrate material and the epitaxial film, directly degrading the efficiency of the device. 6 One approach is to deposit the diode layer, with high Al content, directly on an AlN single crystal. This kind of substrate is promising for an improvement of the crystal quality, 7, 8 and recently, well operating LEDs 9 and lasers 10, 11 have been presented. Nevertheless, many fundamental properties such as the exact electronic structure for typical dopants are not known. Only recently, homoepitaxial AlN layers of good crystal quality became available allowing the proper identification of single bound excitonic emission bands. 12, 13 However, for the mostly present donor silicon (Si), there is no agreement on the ionization energy. There is an ongoing discussion, whether Si Al undergoes a strong lattice relaxation and forms a deep DX center, where the dopant atom captures a second electron. Several theoretical studies predict DX center formation for Si Al , 14, 15 whereas others find silicon to be a shallow donor in wurtzite AlN. 16, 17 Experimentally, the majority of studies shows n-type conductivity after silicon doping, [18] [19] [20] [21] [22] [23] [24] although they find very different values for the ionization energy ranging from 86 to 570 meV. On the other hand, there are two detailed reports about DX center formation found by spectrally resolved photoconductivity and electron paramagnetic resonance. 25, 26 In this letter, we present a detailed investigation of a homoepitaxially grown wurtzite AlN layer by means of temperature dependent photoluminescence (PL) spectroscopy. Exposure at multiple excitation spots and the temperature dependent behavior of the emission bands observed allow for an identification of a two-electron transition with shallow silicon donors involved. We further discuss the presented results in the framework of possible DX center formation.
The sample under investigation was grown by metal organic vapor phase epitaxy on a physical vapor transport grown AlN single crystal. 7, 8 The c-oriented, nominally undoped layer of wurtzite AlN is 500 nm thick and reveals a very low defect density <10 4 cm
À2
. For PL investigations, the sample was cooled down in a helium flow cryostat, allowing for sample temperatures between 8 K and room temperature, and excited by an ArF excimer laser (193 nm). The luminescence light was spectrally resolved in a grating monochromator SPEX1704 having 1 m focal length, and the signal was detected by a liquid nitrogen cooled, backilluminated charged coupled device camera. UV optimized optics allow for a spectral resolution better than 100 leV at 6 eV. Figure 1 shows a representative PL spectrum around the excitonic bandgap. By analyzing multiple PL spectra taken at different spots on the sample, a statistical approach was used to determine the transition energies of the observed emission bands. Differences for the emission energies were found, probably due to local strain variations. For this reason, all absolute emission energies given in the following are averaged over all the energy values measured, weighted by the intensity of the free exciton emission in the individual spectrum. A standard deviation of $3 meV for absolute energies and below 1 meV for energy differences was determined. The free exciton emission X (2013) c-oriented dipole and thus be observable in detection perpendicular to the c-oriented sample surface. 27 From the first excited free exciton state X n¼2 A , the free exciton binding energy of 51.7 meV can be derived in agreement with earlier results. 12 Two donor bound exciton emission bands show up 13.4 meV and 28.6 meV below the X n¼1 A emission, where the deeper one is labeled Si o X and arises from excitons bound to neutral silicon donors. 12 They dominate the emission spectrum, although the sample is not intentionally doped. Si is a common trace impurity for AlN growth. 8 The full width at half maximum of the Si o X emission band is $500 leV demonstrating the excellent crystal quality of the sample. The chemical nature of the donor responsible for the D o X emission with 13.4 meV exciton localization energy is not known. In the following, we discuss one specific emission band located 76.6 meV below the free exciton showing up in the region of the longitudinal optical (LO) phonon replica sideband. For the normal recombination of donor bound excitons ðD o XÞ, a competing process is expected, where the donor is left in an excited final state, e.g. the 2s or 2p state of the donor bound electron. In this process, a photon is emitted with an energy difference (E 2s;p À E 1s ) below the normal (D o X) recombination. In a simple hydrogenic model for the donor binding states, the photon energy is lowered by three quarters of the donor ionization energy, giving rise to the two-electron satellite (TES) lines tentatively labelled Si o X : 2s; p. The relative intensities of the TES and normal Si o X emission are expected to be independent of the sample spot. To investigate this point, we excited the sample on more than 50 different spots. Local fluctuations of the dopant atoms are expected but cannot be directly detected by secondary ion mass spectroscopy due to its spatial resolution limit. Figure 2 shows on a series of such spectra that a more pronounced Si o X emission leads to a stronger Si o X : 2s; p luminescence band. We quantitatively analyzed this behavior by fitting multiple Gaussian curves to each spectrum shown in Figure 2 . The result is shown in Figure 3 , where the linear correlation of both emission bands under investigation proves their linear interdependence in intensity. From the crossing point with the intensity axis, the relative transition probability of the TES and the Si o X can be estimated to 1:230, which is in line with observations for GaN and many other semiconductor materials. Except for this specific emission, no further emission band was found to correlate linearly with the Si o X luminescence. We consider this as the first direct evidence for two-electron transitions, besides some earlier speculations based on rather noisy temperature dependent cathodoluminescence spectra recorded on AlN. 28 To verify our identification, we carried out temperature dependent PL investigations. FIG. 2. PL investigation for multiple excitation spots. The spectra within both graphs are ordered the same such that the Si o X and the Si o X : 2s; p intensity increase from bottom to top simultaneously. For clarity, the spectra were shifted vertically as well as horizontally such that the position of the free exciton band matches 6:042 8 eV.
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Gaussian fitting and compared the emission intensities. It turned out that only the emission labeled Si o X : 2s; p shows a linear correlation with the Si bound exciton, confirming our identification. In analogy to the TES emission in GaN, the donor electron of Si either remains in the excited 2s state 29 or in the 2p state. 30 Following the discussion in a comment given by Freitas et al., 31 we probably cannot sufficiently resolve both spectral contributions, but for the sample temperature of 8 K the transition 1s-2s is believed to dominate over the 1s-2p process. From the 48 meV energy difference between the Si o X : 2s; p and the Si o X luminescence, the donor ionization energy for silicon can be derived assuming a simple hydrogen-like model. This yields E d ¼ ð64 6 1Þ meV, whereas effective mass theory (EMT) predicts $62 meV using an effective electron mass of m Ã e ¼ 0:32m 0 , 32 and the static dielectric constant s ¼ 8:39. 33 The small discrepancy is due to the chemical shift, which lowers the ground state of the donor electron. For this reason, we probably slightly overestimate, and EMT underestimates the total donor ionization energy. Alternatively, the sum of 48 meV energy difference between the ground and the first excited state of the donor electron and one quarter of 62 meV, which is the calculated energy distance between the first excited state and the conduction band according to EMT, yields ð63:5 6 1:5Þ meV for the donor ionization energy. Hence, the chemical shift amounts to $1.5 meV. To calculate the coefficients for Haynes rule is still not possible, because pairs of both the ionization energy and the exciton localization energy are needed for at least two different types of donors. However, we find that the linear coefficient between both energies of 0.45 exceeds 0.214 as given from Freitas et al. 29 for gallium nitride. Nevertheless, the resultant energy is relatively small as compared to the findings in various Hall investigations. [18] [19] [20] [21] [22] [23] [24] To bridge this gap, large lattice relaxation has to be considered, as it was found earlier for arsenide material systems. 34, 35 By capturing a second electron, the silicon donor atom is displaced away from one of the surrounding nitrogen atoms by approximately one third of the binding length. The ground state for this configuration, called DX center, is lower in energy than the neutral shallow donor ground state d , lowered
by the so-called formation energy. Following the configuration scheme given by Zeisel et al. 25 and the findings of Son et al., 26 we believe that silicon is in the DX -ground state for low temperatures in darkness. The higher d8 state is populated under laser excitation with a photon energy above 1.5 eV (Ref. 25 ) via an excited neutral DX level in the conduction band. The formation energy was estimated to be $78 meV, 26 but in fact the difference between the d8 level and the Fermi energy E F was measured. The DX -level of another residual donor oxygen (O) is expected to be below DX À Si , and E F should be in between those two levels, depending on the donor concentrations. In Hall experiments, the electrons are excited from E F into the conduction band. The more O is incorporated in the sample, the lower the Fermi level and the larger the derived activation energy E a should be. This assumption is confirmed by Hall investigations, where E a increases from 180 to 570 meV for increased O concentrations. 19, 22, 23 A thermal barrier of around 5 meV was found, 25, 26 where Si in the d8 state undergoes a large lattice relaxation and populates the deep DX -state. Furthermore, their electron paramagnetic resonance (EPR) signal, where the d8 concentration is measured, was again increased even in darkness 2013) above T % 95 K. This could be explained by thermal activation from Si in the DX -state, which would therefore be located $10 meV below the shallow donor level.
A temperature dependent PL spectra series is shown in Figure 5 . The emission intensity of both bound exciton luminescence bands (Si o X; D o X) decreases relative to the free exciton, when the sample temperature is increased. This is due to the delocalization of bound excitons following a Boltzmann population law. The deeper bound, the more stable an exciton is expected to be. Apparently, this fact seems to be violated in the present case, where the Si o X emission quenches much faster with increasing temperature as compared to the other D o X emission, which has a shallower exciton localization energy. The integrated emission intensity of the different luminescence bands shown in Figure 5 was determined and is shown as a function of temperature in Figure 6 . Additionally, the temperature dependency was fit using Eq. (1) taking into account two activation energies E 1 and E 2 as well as the parameters I 0 for the intensity at low temperature, and different weighting factors A 1 and A 2 for the competing processes
For Si o X, the deactivation energies are E 1 ¼ ð29 6 2Þ meV and E 2 ¼ ð5 6 2Þ meV, whereas we obtain E 1 ¼ ð12 6 2Þ meV and E 2 ¼ ð69 6 2Þ meV for the other D o X. E 1 is almost identical to the localization energy of each donor bound exciton, which is 28.6 meV and 13.4 meV, respectively. E 2 is much larger for D o X compared to the Si bound exciton, explaining the different thermal delocalization behavior. The fact that the activation energies E 1 match the localization energies quite well hints to a minor effect of nonradiative recombination processes even for high temperatures. The thermal quenching at around 60 K for Si o X is described well by the thermal barrier of E 2 ¼ 5 meV in accordance to the findings of Zeisel et al. 25 and Son et al.
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Analogously, we assume that silicon in the shallow donor state overcomes this thermal barrier via a metastable donor state and falls into the deeper DX -level. An alternative explanation for this observation would be a lower amount of silicon atoms incorporated in the crystal as compared to the respective impurity or defect causing the D o X emission. The efficiency of thermal dissociation of the luminescent Si o X complex not only depends on the Boltzmann factor e À E 1 k B T but also on the prefactor A 1 in Eq. (1). This factor is large, if the total number of neutral Si donors is much lower than the number of available states in the free exciton band. Another aspect of Figure 6 is that the free exciton emission increases, when the excitons bound to Si quench. In the initial state of a donor bound exciton, the donor electron attracts the electron of the former free exciton quasiparticle. The according exchange interaction leads to a binding or anti-binding state with total electron spin 0 or 1. In the binding state, the energy of the bound exciton is lowered by the so-called exciton localization energy. Bound exciton emission arises from annihilation of excitons in the binding state. We observe an increase of the free exciton emission intensity, when the localization energy of the bound exciton state is overcome thermally. Therefore, we suggest that no excitons are localized to silicon in the DX -state, and, indeed, the deep DX -center probably does not contribute to the emission spectra.
In conclusion, we revealed the contribution of a twoelectron transition caused by silicon impurities to the emission spectra of wurtzite AlN. Applying PL spectroscopy, the linear correlation of the TES luminescence intensity with the Si o X for either various excitation spots or sample temperatures proved this interpretation. An ionization energy of ð63:5 6 1:5Þ meV for Si in AlN was derived. Beyond, we argued that Si Al behaves as a shallow donor at low temperatures under exposure to laser radiation and probably undergoes a large lattice relaxation for temperatures above 60 K. Therefore, we emphasize previous studies 25, 26 that Si Al in wurtzite AlN forms a DX center with its DX -ground state located closely below the shallow donor state. Figure  5 . The symbols refer to the measured data points, whose temperature dependency is well described by the solid lines generated according to Eq. (1).
